Background: Dinaciclib, a small-molecule, cyclin-dependent kinase inhibitor, inhibits cell cycle progression and proliferation in various tumor cell lines in vitro. We conducted an open-label, dose-escalation study to determine the safety, tolerability, and bioactivity of dinaciclib in adults with advanced malignancies.
Background
Cyclin-dependent kinases (CDKs) are serine/threonine kinases that regulate progression through the cell cycle [1] . They exist in heterodimeric complexes with cyclins and are activated at different stages of the cell cycle by various cyclins. Eleven CDKs have been identified with distinct functions in controlling the activation of the cell cycle and progression from the G1 phase through mitosis [2] . Phosphorylation of the retinoblastoma (Rb) family of proteins is an important mechanism by which the CDKs regulate cell cycle progression [3] . In addition to their role in cell cycle progression, CDKs also play an important role in transcriptional regulation by phosphorylating the carboxy-terminal domain of the large subunit of ribonucleic acid polymerase II; CDK7/cyclin H and CDK9/ cyclin T have been shown to play important roles in transcription initiation and elongation, respectively [4] .
Dysregulation of the cell cycle plays an important role in malignant transformation and the development of resistance to chemotherapy [4] . Overexpression or underexpression of the cyclins and CDKs that regulate the cell cycle has been observed in a variety of tumors and proliferative diseases, including melanoma [5] , multiple myeloma [6] , pituitary adenomas and carcinomas [7] , chronic lymphocytic leukemia (CLL) [8] , and other solid malignancies [9, 10] . This has spurred interest in the development of novel anticancer agents that target CDKs. As anticancer treatments, CDK inhibitors have been found not only to block cell cycle progression but also to promote apoptosis, which leads to cell death. In particular, CDK inhibitors have shown high activity in cell lines from nonproliferative cancers such as CLL and multiple myeloma due to their ability to induce apoptosis [11] .
Dinaciclib (MK-7965, formerly SCH727965) is a novel, potent, small-molecule inhibitor of CDK1, CDK2, CDK5, and CDK9 with half maximal inhibitory concentration (IC 50 ) values in the 1 nM to 4 nM range, and inhibits CDK4, CDK6, and CDK7 at IC 50 values in the 60 nM to 100 nM range [12, 13] . Dinaciclib was initially selected from a compound screen in a mouse xenograft model, using flavopiridol as the reference [12] . The maximum tolerated dose, defined as the dose associated with 20% weight loss, was 60 mg/kg for dinaciclib versus <10 mg/kg for flavopiridol following once-daily administration for 7 days in nude mice. The dinaciclib minimum effective dose, defined as >50% tumor growth inhibition, was 5 mg/kg versus 10 mg/kg for flavopiridol, yielding a screening therapeutic index of >10 for dinaciclib and <1 for flavopiridol. Although not formally investigated, the strong selectivity for CDKs-but not the closely related serine/threonine kinases-suggests that dinaciclib may target an activated CDK conformation not present in serine/threonine kinases. In vitro, dinaciclib has been shown to suppress phosphorylation of the Rb tumor suppressor protein, to induce activation of caspase and apoptosis, and to inhibit cell cycle progression and proliferation in various tumor cell lines [5, 12, 14] . Promising antitumor activity following treatment with dinaciclib has also been demonstrated using in vivo mouse xenograft models, with minimal toxic effects at active dose levels [5, 12, 14, 15] , and tissue fragments of patient-derived xenografts grown in mice [5, 12, 14, 15] .
We conducted a phase 1 study with dinaciclib, administered as a 2-hour intravenous (IV) infusion once every week for 3 weeks followed by a 1-week recovery (28-day cycle), in subjects with advanced malignancies. The primary objectives of this study were to determine the safety, tolerability, maximum administered dose (MAD), doselimiting toxicity (DLT), and recommended phase 2 dose (RP2D) of dinaciclib, and to assess pharmacodynamic (PD) effects using an ex vivo lymphocyte stimulation assay, Rb protein phosphorylation, and 18 F-fluorodeoxyglucose positron emission tomography/computed tomography (FDG-PET/CT).
Methods

Study population
This was a nonrandomized, open-label, phase 1 trial (ClinicalTrials.gov identifier #NCT00871663; http:// clinicaltrials.gov/ct2/show/NCT00871663; Protocol 04629) of adult subjects (≥18 years) with histologically proven solid tumors, non-Hodgkin's lymphoma, or multiple myeloma refractory to standard therapy or for which there is no standard therapy. Subjects had Eastern Cooperative Oncology Group (ECOG) performance statuses of 0, 1 or 2 and had to have adequate organ function and laboratory parameters. Subjects were excluded from the study if they had symptomatic brain metastases or primary central nervous system malignancy. Subjects must not have received any radiation therapy within 4 weeks prior to the start of treatment with dinaciclib, or have had a history of radiation therapy to greater than 25% of the total bone marrow. In addition, subjects could not have received previous treatment with an investigational drug or biologic or hormonal therapy within 4 weeks of study treatment; mitomycin, nitrosourea, nilutamide, or bicalutamide within 6 weeks of study treatment; or cytochrome P450 3A4 inhibitors or inducers within 1 week of study treatment. Known human immunodeficiency virus (HIV) and HIV-related malignancy were also exclusion criteria.
The study was conducted in accordance with good clinical practice and the Declaration of Helsinki concerning written informed consent and the protection of rights of human subjects. Before study initiation, the clinical study protocol, any amendments, and the written informed consent forms were reviewed and approved by an independent review board at each study site. Each subject had to provide written informed consent before undergoing any study-related activities.
Study endpoints and treatment plan
The primary endpoints of the study were to determine the safety, tolerability, MAD, DLT, and the RP2D of dinaciclib, and to assess the PD effects of dinaciclib on peripheral blood lymphocytes. Secondary endpoints included determining the pharmacokinetic (PK) profile of dinaciclib following a single dose and following the third weekly dose, assessment of Rb protein phosphorylation in subject skin biopsy samples, preliminary evaluation of the antitumor activity of dinaciclib, and assessment of tumor metabolic changes in response to dinaciclib treatment via use of FDG-PET/CT.
Dinaciclib was administered as a 2-hour IV infusion on days 1, 8, and 15 of a 28-day cycle. The 2-hour duration of IV infusion was selected based on previous nonclinical toxicity/toxicokinetic studies conducted in dogs that demonstrated acute toxicity following IV push. Subjects continued on treatment until there was disease progression, unacceptable toxicity, or the subject withdrew consent. The trial employed an accelerated titration design [16] starting at a dose of 0.33 mg/m 2 (one-sixth of the highest nontoxic dose in dogs). Routine antiemetic prophylaxis was administered to patients receiving a dose of 7.11 mg/m 2 and above, due to nausea and vomiting observed at lower dose levels. Antiemetic prophylaxis consisted of a serotoninreceptor antagonist (eg, ondansetron), with or without dexamethasone, administered prior to treatment with dinaciclib, and modifications were permitted as clinically indicated.
Toxicity, safety, and tolerability assessments
To determine the MAD of dinaciclib administered as a 2-hour IV infusion, an accelerated titration design was used, whereby at least one subject was treated at each dose level starting with 0.33 mg/m 2 ; the dose was doubled in sequential subjects until a DLT was observed or a subject experienced grade 2 toxicity [16] . In the case of an observed grade 2 toxicity, a second subject was enrolled at the same dose level. If the second subject also experienced a grade 2 toxicity, 2 additional subjects were accrued at that dose level for a total of 4 subjects. In the case of an observed DLT, additional subjects were added to the cohort until either a second subject experienced a DLT or 6 subjects were treated at that dose level. If 2 or more subjects experienced a DLT at a given dose, then 3 additional subjects were treated at the previous lower dose, unless 6 subjects had already been treated at that dose. Dose escalations beyond the 1.32-mg/m 2 dose level were administered in increments of 40% in cohorts of 3 subjects. Each subject was allocated to only a single dose level of drug. Dose delay or modification was permitted based on laboratory and clinical assessment performed on the day of treatment. The RP2D was defined as the highest dose studied, without growth factor support, for which the incidence of DLT was less than 33% (ie, the dose level immediately lower than the MAD), determined based on myeloma and NSCLC mouse xenograft models, which showed complete tumor regression at a dose 33% of the MAD.
Dose-limiting toxicities were determined during the first cycle for each dose level. A DLT was defined as any grade 3 or 4 hematologic toxicity lasting for at least 1 week, or as any grade 3 or 4 nonhematologic toxicity. Untreated nausea and vomiting, fatigue, anorexia, anemia, alopecia, or local reactions were not included in the determination of DLTs and did not alter the escalation schedule, unless inclusion was deemed necessary by the investigator and sponsor. Normal alkaline phosphatase level (< grade 1) at screening that rose to greater than or equal to grade 3; grade 1 or 2 alkaline phosphatase level at screening that rose to grade 4; grade 1 or 2 aspartate aminotransferase (AST) and/or alanine aminotransferase (ALT) levels at screening that doubled from baseline to become greater than or equal to grade 3; and any other abnormal nonhematology laboratory value greater than or equal to grade 3 that required medical intervention to treat, led to hospitalization, or persisted for at least 1 week were also considered DLTs.
Safety and tolerability of dinaciclib were assessed based on review of laboratory test results, electrocardiograms, vital signs, physical examinations, and reported adverse events (AEs). Any abnormal laboratory results that led to hospitalization, resulted in a change in dosing, or were medically significant were reported as AEs. Adverse events were graded based on the National Cancer Institute Common Terminology Criteria for Adverse Events (NCI CTCAE version 3.0) and were coded using the Medical Dictionary for Regulatory Activities (MedDRA version 13.0).
Pharmacodynamic and pharmacokinetic assessments
The antiproliferative activity of dinaciclib was assessed ex vivo using whole blood samples obtained on days 1 and 15 of cycle 1 (predose and at 2, 3, 4, 6, and 8 hours after the start of infusion), predose on day 8 of cycle 1, and on day 22 of cycle 1. Whole blood isolated from subjects was treated with phytohemagglutinin (PHA) to stimulate cell division in lymphocytes. Following a brief 30-minute exposure to bromodeoxyuridine (BrdU), cells were harvested and stained using an FITC-conjugated antibody specific for BrdU, counterstained with propidium iodide/RNase A, and analyzed using a FACSCalibur flow cytometer. Approximately 35% to 40% of the CD45-positive cells in the whole blood incorporate BrdU following PHA stimulation under conditions defined in this assay, signifying DNA synthesis and cell division. Any subject with less than 5% BrdU incorporation post treatment was classified as a responder to dinaciclib treatment. To explore the relationship between exposure and bioactivity of dinaciclib,%BrdU incorporation was correlated with the amount of dinaciclib found in plasma samples taken at the same time.
Skin punch biopsies (4 mm) were obtained before and 4 hours after treatment with dinaciclib, and fixed in 10% buffered formalin for immunohistochemistry (IHC) analysis. The phosphorylation status of the Rb protein in the proliferative layer of skin and in the proliferating cells at the base of hair follicles was determined by IHC utilizing a rabbit anti-phospho-Rb antibody diluted to 0.83 μg/mL or 0.67 μg/mL. Immunohistochemistry staining was scored 0 (no staining relative to background), 1+ (weak staining), 2+ (moderate staining), or 3+ (strong staining); H-score was calculated as a measure of overall immunoreactivity in a given sample, using the following formula: H-score = (% of cells with 3+) × 3 + (% of cells with 2+) × 2 + (% of cells with 1+) × 1. Subjects were to be categorized as responders if no degree of staining was detected with the anti-phospho-Rb antibody.
Pharmacodynamic effects were further assessed by monitoring decreased metabolic activity following IV infusion of dinaciclib using FDG-PET/CT scans, conducted within 14 days prior to the first dose of dinaciclib and on day 22 of cycle 1, unless treatment was delayed. Metabolic activity data were obtained for research use only and were not used for clinical management of subjects. A 30% reduction in posttreatment standardized uptake value (SUV max ), in up to 6 lesions prospectively identified at the start of treatment as the most representative metabolically active sites of disease, was used to determine responders and nonresponders to dinaciclib treatment.
Dinaciclib plasma concentrations were analyzed on days 1 and 15 of cycle 1 prior to the start of infusion, and at 1 hour, 2 hours, 2 hours 15 minutes, 2 hours 30 minutes, 3 hours, 3 hours 30 minutes, 4 hours, 5 hours, 6 hours, and 8 hours after the start of the infusion. Additional blood samples for PK analysis were obtained on days 2 and 16 of cycle 1 (between 24 and 28 hours after the start of the infusion), on day 8 of cycle 1, and on day 1 of cycle 2, prior to and 2 hours after the start of the infusion. Plasma concentrations of dinaciclib were determined, as previously described, using validated high performance liquid chromatographic-tandem mass spectrometry (LC-MS/MS) methods [17] . Briefly, plasma samples were fortified with an internal standard ( 13 C3)-dinaciclib in 1:1 ratio, loaded into a Water Oasis MCX Solid Phase Extraction plate, washed with phosphoric acid/methanol, and eluted with methanol/ammonium hydroxide. The eluent was evaporated and the extract injected into a LC-MS/MS. The retention time for dinaciclib and the internal standard was 2.5 minutes and detection was performed using a Sciex API 5000 triple quadrupole LC-MS/MS system with a turbo ion spray source. Key pharmacokinetic parameters evaluated for dinaciclib included maximum observed plasma concentration (C max ), time of maximum plasma concentration (T max ), area under the plasma concentration-time curve from time zero to infinity (AUC (I) ), terminal phase half-life (t ½ ), clearance (CL), volume of distribution (V d ), and accumulation ratio (R).
Tumor response assessment
Antitumor activity of dinaciclib on solid tumors was evaluated using CT or magnetic resonance imaging (MRI) scans and Response Evaluation Criteria In Solid Tumors (RECIST) guidelines [18] . Computed tomography or MRI scans were obtained within 4 weeks prior to the start of treatment with dinaciclib, and were repeated after every 2 cycles and at the poststudy assessment performed 4 weeks after the start of the last cycle.
Statistical analyses
Demographic and baseline variables for each subject (including primary diagnosis) were tabulated and summarized using descriptive statistics. No inferential analysis of safety data was planned; subjects reporting any AEs, the occurrence of specific AEs, and discontinuation due to AEs were summarized using descriptive statistics. For%BrdU incorporation (PD primary endpoint), the response rate and its 95% 2-sided exact confidence interval (CI) were calculated if 6 or more responders were observed among 10 subjects; a level at which the lower limit of the 2-sided 95% exact CI was expected to be greater than 25%, allowing inference with high confidence that the metabolic inhibition rate was more than 25%. For each dose level, treatment effect on inhibition of lymphocyte proliferation was evaluated by comparing the pretreatment with the posttreatment%BrdU incorporation on days 1 and 15 at specified posttreatment time points (2, 3, 4, 6, and 8 hours after the start of the infusion) using a paired t-test (in dose levels with sample sizes ≥3). For secondary endpoints, subjects were classified as responders or nonresponders and the response rate and its 95% CI were determined. Summary statistics (means, standard deviations, coefficients of variation) were calculated using noncompartmental methods with the WinNonlin software (V5.2, Pharsight, NC) for the concentration-versus-time data at each sampling time and for derived PK parameters.
Results and discussion
Subject disposition and baseline characteristics
The study enrolled 52 subjects with histologically proven solid tumors for whom there was no known standard therapy or who had disease refractory to standard therapy.
Treatment was administered to 48 subjects; 3 subjects were enrolled but did not meet protocol eligibility criteria and were never treated, and one subject who was enrolled did not receive any treatment because of an AE. However, when screening data from these subjects were available for a given measurement, these subjects were included in the corresponding analysis. According to the trial design, all subjects continued treatment until disease progression or treatment discontinuation due to toxicity or at the subject's request; most trial discontinuations were due to disease progression (28 [58%] subjects) and symptomatic deterioration (8 [17%] subjects). Table 1 summarizes subject demographics and baseline disease characteristics. The majority of patients enrolled in the study were white (33 [69%] subjects), male (27 [56%] subjects), and younger than 65 years old (30 [63%] subjects), with a mean age of 61.6 years. Most subjects had colorectal cancer (15), followed by non-small cell lung cancer (NSCLC, 5), ovarian cancer (4), breast cancer (3), and melanoma (3) . The study population had received a median of 3 (range 0-16) chemotherapy regimens prior to enrolling into the trial.
Toxicity, safety, and tolerability of dinaciclib A total of 11 subjects were administered doses of dinaciclib ranging from 0.33 to 2.59 mg/m 2 ; there were 2 instances of grade 2 toxicity at 1.32 mg/m 2 , but no DLTs were experienced at any of these dose levels. Therefore, subsequent doses were escalated in 40% increments from 1.85 mg/m 2 up to the MAD that was reached at a dinaciclib dose of 14 mg/m 2 . Two subjects among the 5 treated at the MAD experienced a DLT, one with orthostatic hypotension and one with elevated uric acid ( Table 2) . A lower dose of 12 mg/m 2 was tested and was determined to be the RP2D for dinaciclib administered as a 2-hour IV infusion once a week for 3 weeks followed by a 1-week recovery period. A total of 11 subjects were tested at the RP2D dose; one subject experienced septic shock as a DLT. Additional DLTs experienced with dinaciclib included hypokalemia, hypocalcemia, and hypophosphatemia experienced by 1 of 8 subjects treated at the 3.63 mg/m 2 dose level, and deep vein thrombosis in 1 of 7 subjects treated at the 7.11 mg/m 2 dose level. A total of 47 (98%) subjects reported treatmentemergent adverse events (TEAEs; 27%] ). Sixteen (33%) subjects experienced grade 3 or 4 treatment-related AEs, with neutropenia (5 [10%] subjects) and hyperuricemia (3 [6%] subjects) being the most common. Serious AEs (SAEs) were reported in 17 (33%) subjects; the most common SAEs were deep vein thrombosis, sepsis, and anemia, each occurring in 3 (6%) subjects. Not all SAEs qualified as DLTs. No discernible trend regarding tumor type and toxicity was identified (Additional file 1: Table S1 ). Eleven (21%) of the 52 subjects enrolled died during this study. The most common reason for death was disease progression (7 [13%] subjects) considered to be unlikely related to study treatment. Deaths due to AEs occurred in 4 (8%) subjects: one subject assigned to the 7.11-mg/m 2 dose was never treated and died due to aspiration; one subject who received the 7.11-mg/m 2 infusion dose died of cardiac arrest; one subject treated with the 14-mg/m 2 infusion died of bowel perforations; and another subject also treated at the 14-mg/m 2 dose level died of unknown cause. All 4 AEs leading to death were deemed unlikely related to dinaciclib treatment by the investigator. A total of 6 (13%) subjects reported AEs leading to discontinuation of treatment, but in 4 of the 6 subjects, AEs leading to discontinuation were considered unlikely related to dinaciclib.
Pharmacodynamics and pharmacokinetics of dinaciclib
Lymphocyte proliferation (PHA-stimulated%BrdU uptake) data were available from 46 of the 48 treated subjects. Following treatment at the RP2D of 12 mg/m 2 , lymphocyte proliferation was generally inhibited compared with proliferation levels observed pretreatment, although there was some variability ( Table 4 ). The inhibition of ex vivo PHA-stimulated lymphocyte proliferation correlated with the observed plasma concentrations from 46 subjects ( Figure 1A ). The majority of samples had BrdU incorporation of less than 5% at plasma concentration of 100 ng/mL; BrdU incorporation was completely inhibited at plasma concentration >200 ng/mL. Complete inhibition of BrdU uptake (relative to baseline) was achieved at dinaciclib plasma concentrations greater than 100 ng/mL at about 2 hours after the start of IV infusion with dinaciclib doses of approximately 5.08 mg/m 2 and greater. Seven subjects were evaluable for BrdU response rate at the RP2D, and all 7 subjects were classified as responders (BrdU response rate: 100%; 2-sided 95% CI: 59%, 100%). Additionally, 10 of the 11 subjects treated with dinaciclib at the RP2D had both pretreatment and cycle 1 day 22 SUV max data, and were therefore evaluable for response by PET/CT analysis. One subject at the RP2D was classified as a PET/CT responder with the best SUV max decrease being greater than 30% ( Figure 1B) ; the PET/CT response rate at the RP2D is 10.0% based on the 10 evaluable subjects (2-sided 95% CI: 0.3%, 44.5%).
Analysis of subject skin biopsy samples demonstrated pretreatment phospho-Rb staining. Mean IHC scores were calculated before and after treatment for the 11 subjects who were treated at the RP2D of 12 mg/m 2 . Before dinaciclib treatment, these subjects had a mean H score of 18.55; following treatment, the overall H score decreased to 17.64. Therefore, as no subjects demonstrated complete loss of phospho-Rb staining following treatment with dinaciclib, no subjects were deemed to have achieved a response based on phospho-Rb staining, as defined in the study protocol.
Of the 48 treated subjects, 47 subjects were evaluable for the PK analysis; one subject who received IV infusion for less than 1 hour-resulting in less than 3.63 mg/m 2 dose of dinaciclib on day 1 of cycle 1-and had no concentration-versus-time data on day 15 of cycle 1 was excluded from the analysis. Following 2-hour IV administration of dinaciclib, C max was observed at approximately 2 hours after the initiation of the infusion, and dinaciclib exhibited rapid distribution and elimination phases after the end of an infusion (Figure 2A ). Terminal half-life values ranged from 1.5 to 3.6 hours following IV administration of dinaciclib, and CL appeared to be dose independent. Dose-related increases in exposure to dinaciclib were observed as doses increased from 0.33 to 14 mg/m 2 . Exposure to dinaciclib was similar on days 1 and 15 after once-weekly dosing, with a mean AUC (l) ratio (day 15 to day 1) of 1.04 ( Figure 2B ). Plasma concentrations at the end of each 2-hour infusion (on days 1, 8, and 15 of cycle 1 and on day 1 of cycle 2) were also similar within each subject ( Figure 2C ). These data suggest that dinaciclib does not accumulate in plasma and pharmacokinetics do not appear to be time dependent over the time course evaluated in this study. Pharmacokinetic parameter means at each dose level, assessed on day 1 and day 15, are available as supplemental information (Additional file 2: Table S2 ).
Tumor response
There were no observed complete or partial responses (CR or PR) based on RECIST guidelines in subjects with solid tumors following treatment with dinaciclib. Ten (23) 3 (6) 4 (18) 2 (9) 2 (29) 0 0 0 4 (36) 0 1 (20) 1 (20) Back pain 11 (23) 3 (6) 8 (36) 3 (14) 1 (14) (23) 2 (4) 2 (9) 1 (5) 2 (29) 1 (14) 2 (67) patients achieved stable disease (SD) through at least 4 cycles of treatment with dinaciclib, including 2 subjects with NSCLC and 2 subjects with adenoid cystic carcinoma ( Table 5) . One subject, with sarcoma, demonstrated prolonged SD through 12 treatment cycles. In this study, the CDK inhibitor dinaciclib was administered once weekly for 3 weeks followed by a 1-week recovery period (28-day cycle) and had an acceptable safety and tolerability profile for subjects with solid tumors. The MAD for dinaciclib, administered at a 2-hour IV infusion, was 14 mg/m 2 , and the DLTs experienced at this dose level were orthostatic hypotension and elevated uric acid. Hypotension may be associated with cytokine release syndrome, which has been observed in patients with hematologic malignancies and advanced solid tumors treated with the CDK inhibitor flavopiridol, and has also been identified as a DLT [19, 20] . The most frequently reported treatment-related AEs at all dose levels tested were nausea and anemia, and 16 subjects experienced grade 3 or 4 treatment-related AEs. Anemia, neutropenia, and fatigue were the most common AEs related to study drug reported at the RP2D of 12 mg/m 2 . The most frequent SAEs among the 17 subjects who reported experiencing SAEs were deep vein thrombosis, sepsis, and anemia. Adverse events led to the discontinuation of treatment in 6 subjects and 4 subjects died due to AEs that were deemed unrelated to dinaciclib.
Dinaciclib effectively inhibited peripheral blood lymphocyte proliferation, as measured by an ex vivo lymphocyte stimulation assay, demonstrating PD activity when administered at the RP2D (12 mg/m 2 ) as a 2-hour IV infusion. One mechanism by which CDK1 and CDK2 may regulate the cell cycle is via phosphorylation of the Rb tumor suppressor family of proteins [4] . In our study, treatment with dinaciclib did not result in substantial decreases in the phosphorylation of the Rb protein in skin biopsies, indicating that no subject had a PD response to dinaciclib treatment based on the protocol-specified criteria that required complete suppression of Rb phosphorylation. It is unlikely that the lack of an observed PD effect using phospho-Rb staining of skin biopsies was due to a limited effect of dinaciclib activity in inhibiting the cell cycle, since dinaciclib treatment inhibited ex vivo lymphocyte proliferation. In preclinical studies, IHC staining of mouse skin biopsies looking at Rb phosphorylation at serine 807 and serine 811 demonstrated strong pretreatment Rb phosphorylation followed by a timedependent loss of Rb phosphorylation, with a partial loss at 2 hours post treatment and complete loss of Rb phosphorylation at 4 hours post treatment [12, 21] . The lack of inhibition of phospho-Rb observed in our trial may be due to the timing of the posttreatment skin biopsy, as the nonclinical data from mice clearly showed a time-dependent effect. Skin biopsies were obtained 4 hours post treatment, on the basis of mouse data, and this may not be the optimal time point in patients.
Our trial enrolled subjects with a variety of solid tumors who were heavily pretreated, as is typical in a phase 1 study population. Early PET/CT scan analysis, as a biomarker for SD, did not show any correlation between tumor metabolic changes and treatment with dinaciclib. Analysis of tumor response using RECIST criteria also showed no objective responses (CR or PR) among the subjects in this study. However, at least 10 subjects achieved prolonged SD for at least 4 cycles of treatment, with one subject demonstrating prolonged SD while receiving treatment for 12 cycles. Therefore, treatment with dinaciclib may have the ability to delay disease progression in some subjects with solid tumors. However, given the small sample size of 48 treated subjects, no clear correlation was observed between day 1/day 15 ex vivo lymphocyte proliferation inhibition (measured by BrdU uptake) and day 22 PET/CT analysis SUV max , or between day 22 PET/CT response (SUV max decrease greater than 30%) and the duration of SD. The lack of a correlation could be due to the great heterogeneity among subjects' baseline characteristics in terms of tumor types, disease stage, and the number of prior chemotherapy regimens. Alternatively, lower concentration and/or shorter duration of drug exposure in the tumors compared with blood may have accounted for the lack of correlation observed in the study. Several CDK inhibitors have been evaluated in phase 1 clinical trials, but none has demonstrated significant monotherapy activity in solid tumor patients, despite strong preclinical data to support their use. The lack of correlation of antitumor activity observed in vitro and in vivo, in this and other studies, may be affected by dosing schedules and/or drug exposure. The pan-CDK inhibitor flavopiridol was originally studied in 3 phase 1 trials using 2 different schedules. No objective responses were observed in a trial of 55 patients using a 1-hour daily infusion for 5 days, 3 days, or 1 day in a 21-day cycle [22] . However, two trials evaluated flavopiridol with a 72-hour continuous infusion given every 2 weeks, and this schedule resulted in one PR in a patient with renal cancer in a study of 76 patients, and one CR in a patient with gastric cancer in a trial of 38 patients [23, 24] . The CDK1, CDK2, and CDK4 inhibitor PHA793887 did not show any objective responses in a first-in-human study in solid tumor patients [25] , whereas one PR was observed with the CDK1, CDK2, CDK4, CDK5, and CDK9 inhibitor AT7519 in a patient with metastatic NSCLC [26] . Orally bioavailable CDK inhibitors include the CDK1 and CDK2 inhibitor AZD5438, the CDK1, CDK2, CDK7, and CDK9 inhibitor seliciclib (CYC202; R-roscovitine), and the CDK4 and CDK6 inhibitor PD0332991. Phase 1 trials of these agents report one PR in a patient with testicular cancer among 33 patients treated with PD0332991 [27] , and one PR in a patient with hepatocellular carcinoma among 56 patients treated with seliciclib [28] . No responses were observed in 3 phase 1 trials of AZD5438 [29] or in a separate trial of seliciclib [30] . The identification of biomarkers may help to stratify patients into specific groups to determine the predictive response to CDK inhibitors. Preclinical and phase 2 studies have associated elevated expression of Rb protein, luminal ER subtype, and reduced P16 expression with sensitivity to PD033299, a selective inhibitor of CDK4/6 [31] [32] [33] . CDK4/CDK6 inhibitors shut down Rb phosphorylation; therefore, responses are precluded in tumor cells that lack Rb. In contrast, to our knowledge, a clear predictive biomarker profile for broad CDK inhibitors has not been identified.
The development of flavopiridol was marked by doselimiting diarrhea in both 72-hour continuous infusion trials [23, 24] , and by dose-limiting neutropenia using the daily 1-hour infusion schedule [22] . Several newer CDK inhibitors, such as PD0332991, have also resulted in DLTs of neutropenia [34] . Neutropenia as a DLT has been seen with dinaciclib using higher doses (up to 57 mg/m 2 ) on a once-every-21-days dosing schedule [35] . Dose-limiting toxicities with seliciclib, administered orally twice daily for 7 days of a 21-day schedule, were similar to those observed with dinaciclib using the once-weekly dosing schedule, including hypokalemia, hyponatremia, elevated gamma-glutamyl transferase, hyperglycemia, and vasculitic rash (myelosuppression was not observed as a DLT with seliciclib) [30] . The first-in-human trial of PHA793887 administered as a 1-hour infusion on days 1, 8, and 15 in a 4-week cycle resulted in a patient with fatal hepatorenal failure at the third dose level of 44 mg/m 2 and a patient with grade 4 hepatic failure at the next dose level of 66 mg/m 2 , which led the sponsor to discontinue further development of this agent [25] . Development of AZD5438 was also discontinued due to high variability and unpredictable drug exposure combined with a lack of objective responses [29] . Interestingly AZD5438 was studied first in healthy volunteers with DLT of nausea and vomiting with a single dose of 160 mg [36] ; similar AZD5438 exposures (40 mg four times a day) were not tolerated using various continuous daily dosing schedules in the phase 1 trial in advanced solid tumors [29] . It is not clear if the toxicities of AZD5438 and PHA793887 are off-target effects or if they are due to CDK inhibition.
Conclusions
Several preliminary reports from phase 1 clinical trials have demonstrated enhanced antitumor activity when CDK inhibitors are combined with cytotoxic agents, in patients with both advanced solid tumors [37, 38] and estrogen receptor-positive/human epidermal growth factor receptor 2-negative (ER+/HER2-) advanced breast cancer [39] . Initial results from an ongoing phase 2 trial examining the combination of PD-0332991 and letrozole in ER+/HER2-breast cancer patients showed significant improvements in progression-free survival, as well as higher response and clinical benefit rates with the combination compared with letrozole alone [31] . Preclinical studies using tumor cell lines have also shown promising results when CDK inhibitors have been used in combination with other targeted therapies, such as histone deacetylase inhibitors (MS-275 and vorinostat) [40, 41] and AKT inhibitors [42] . In early phase clinical trials, dinaciclib has also shown encouraging results as monotherapy in CLL at the RP2D, indicating dinaciclib may also be effective in some hematologic malignancies. Other CDK inhibitors (eg, SNA-032) have not demonstrated similar efficacy in subjects with CLL [43] . These results suggest that dinaciclib combination strategies may be especially promising in solid tumors, and dinaciclib as monotherapy or in combination may also be effective in hematologic malignancies.
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